The proinflammatory cytokine interleukin-1 mediates inflammation and hyperalgesia. However, the underlying mechanisms remain elusive. To better understand such molecular and cellular mechanisms, we investigated how IL-1 modulates the total voltage-dependent sodium currents (INa) and its tetrodotoxin resistant (TTX-R) component in capsaicin-sensitive trigeminal nociceptive neurons, both after a brief (5 min) and after a chronic exposure (24 h) of 20ng/ml IL-1 . A brief exposure led to a 28% specific (receptor mediated) reduction of INa in these neurons, which were found to be IL-1RI + on both their soma and nerve endings. In marked contrast, after a 24 h exposure, the total sodium current was specifically increased by 67%, without significantly affecting the TTX-R component. This potentiation of INa was suppressed in the presence of selective inhibitors of PKC and G-protein coupled-signaling pathways, thereby suggesting that INa can be modulated through multiple pathways. In summary, the potentiation of INa through chronic IL-1 signaling in nociceptive sensory neurons may be a critical component of inflammatory-associated hyperalgesia.
INTRODUCTION
The proinflammatory interleukin-1 (IL-1) family includes the IL-1 cytokine. IL-1 is synthesized and released by a variety of cells including immune cells, glia, and neurons (7) .
Its release from these cells is frequently associated with inflammation and subsequently hyperalgesia. IL-1 binds to specific cell surface receptors named IL-1RI and IL-1RII (20) . IL-1RI transduces the biological effects of IL-1 , whereas IL-1RII serves as a decoy receptor that restricts the effect of the IL-1 on its target cells (36) . IL-1ra is a naturally occurring IL-1RI receptor antagonist that has been shown to inhibit many biological responses to IL-1 , including inflammatory hyperalgesia (20; 57) . Although IL-1 plays a central role in the generation of hyperalgesia (6; 66) , the mechanisms underlying its action on nociceptors are relatively unexplored.
One reason for investigating its effect on nociceptors is that peripheral injections of IL-1 may induce hyperalgesia (5; 6; 50), and therefore excite or sensitize nociceptive neurons (14; 22; 48) . Many if not most of IL-1 's effects on sensory neurons were recorded a few minutes after it was applied (60) . In one study, soon after it was applied IL-1 induced an increase in the activity of C and Afibers (14) . In a subset of cultured DRG neurons, a 90 second incubation of IL-1 was found to increase the sensitivity to noxious heat (49). In general, the response to acute injections of IL-1 is transient in that it decreases over the course of about an hour (30; 60) . The effects of longer-term incubations of IL-1
have not been as extensively studied. Chronic exposure can safely be assumed to be very relevant because it occurs under chronic inflammatory conditions.
Many chronic pain states share a prominent inflammatory component such as arthritis, sciatica, dental pulpitis, or chronic infections of the eye, the skin or bones (8; 34; 57) . This notion is buttressed by the finding that, upon injury, IL-1 4 mRNA expression peaks within 6-10 hours and may remain elevated for several days (1; 9; 45; 62).
Here we have explored the effects of short (5 minute) and longer (24-hour) incubations of IL-1 on voltage-gated sodium channels (VGSCs) from nociceptive trigeminal ganglion neurons.
We chose to investigate the effects of IL-1 on VGSCs because of their wellestablished role in nociceptor excitability as it pertains to nociception, pain, and inflammation (17; 23; 52; 65) . VGSCs are commonly characterized by their sensitivity to the neurotoxin, tetrodotoxin (TTX). VGSC subtypes that are inhibited by TTX (TTX-S) are usually rapidly activating and inactivating, and are activated at relative hyperpolarizing voltages. VGSC subtypes that are resistant to TTX (TTX-R) are found in nociceptors and are additionally recognized by their slow inactivation kinetics and the relatively depolarizing voltages at which they are activated and deactivated (54; 55). In this study, we have found that a shortterm exposure of IL-1 slightly decreases the total sodium current whereas it increases significantly in longer-term exposures.
METHODS

Cell culture
TG neurons from adult Sprague-Dawley rats were excised and cultured as described previously (39) . Briefly, trigeminal ganglia were dissected aseptically and collected in modified Hank's Balanced Salt solution (mHBSS). After washing in mHBSS, the ganglia were diced into small pieces and incubated in mHBSS for was used for image processing and measurements of the diameters of the somata. For this, ten non-consecutive sections were evaluated. 
Gene expression studies
RT-PCR
Patch clamp recordings
Chamber/ solution delivery
The volume of the recording chamber containing the neurons was 370 µl and was continuously perfused by an external solution that contained (in mM): NaCl 
Statistics and curve fitting
Data were analyzed using pClamp (Axon Instruments, Foster City, CA) and SigmaPlot (SPSS Inc., Chicago IL) software. For 5 min exposures of IL-1 the effects were compared with the paired t-test. For those experiments in which the chemicals (agonists, antagonists or modulators) were incubated 24 hours, the effects of the treatments were compared with the unpaired t-test. In an attempt to reduce day-to-day variability, IL-1 incubation vs. control was performed on small numbers of neurons on the same day; all reagents were aliquots from a larger batch so that we could increase the sample size by using identical stimulation conditions. Despite all attempts to reduce the variability, as seen in Tables 1-3, there was considerable variability in the current densities among the controls. For this reason the effects of the addition of IL-1 and other compounds were compared to controls done at the same time and treated in the same way.
Another point regarding the variability is that relative to TTX-S currents, the inactivation times of the maximum current TTX-R currents are relatively long, and the activation parameters as indicated by V 0.5 are relatively depolarized (23; 54; 55).
All of the data were presented as mean ± SEM and the significance was 
RESULTS
Immunocytochemical localization and gene expression studies of IL-1R1 in the peripheral rat trigeminal system
Although IL-1RI mRNA has been shown to be present in rat DRGs neurons, including small soma diameter neurons (12; 48), neither the message nor the expressed protein has been shown to be present in trigeminal ganglion neurons. to a lesser extent they are also present on some larger diameter nerve cells.
Effects of IL-1 on INa , the total voltage gated sodium current
5-minute exposure
Three concentrations of IL-1 were tested on capsaicin-sensitive neurons , 1, 5
and 20 ng/ml. We found that a 5-minute incubation of this cytokine decreased the total sodium current (INa) 1.0 ± 8.7% (n = 6), 13.7± 9.5% (n = 6) and 28. To explore whether this inhibition is a consequence of changes in the voltagedependent parameters, conductance-voltage and inactivation-voltage curves were also measured in the presence and absence of IL-1 . It was found that IL-1 produced small hyperpolarizing shifts in the conductance-voltage and inactivation-voltage relations (see Figure 2 and Table 1 ).
The above data suggest that the inhibitory effects of IL-1 could either be a consequence of the specific activation of IL-1RI receptors or occur via less specific and direct mechanisms (19) . To test whether it is indeed receptor mediated, we explored whether the inhibitory effect of IL-1 would be suppressed in the presence of the IL-1RI antagonist, IL-1ra (100 ng/ml). This antagonist concentration was used because in subfornical organ neurons it reversed the depolarization produced by IL-1 (18) . We found that INa did not significantly differ from control in the presence of 100ng/ml IL-1ra ± 20 ng/ml IL-1 ( Figure 3 and Table 1 ). That 100 ng/ml IL-1ra did not affect INa also eliminates the possibility that IL-1 produced its effect via a non-specific (i.e. membrane perturbing) mechanism (40) . In addition, under all these conditions, the voltagedependent parameters that characterize INa activation and inactivation were unchanged (Table 1) . Thus, the short-term effect of IL-1 is mediated through specific signaling through IL-1RI.
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Since a decrease in INa cannot readily account for the inflammatory or sensitizing effects of IL-1 in the short time applications, we inquired whether or how a longer-term incubation of this cytokine would affect INa. This was accomplished by separating the neurons into a control group and an IL-1 group that was incubated for 24 hours with 20ng/ml IL-1 . Under this condition we found that, on average, the magnitude of INa increased by a striking 67% (see Figure 4 and Table 1 ). However, IL-1 did not induce statistically significant changes in the conductance or inactivation-voltage relations ( Figure 4 ).
We subsequently investigated whether this sensitizing effect would be suppressed in the presence of IL-1ra. This was accomplished by dividing the cultures into three groups: a control (in which nothing was added), one in which 100ng/ml IL-1ra was present, and one in which contained both IL-1ra and IL-1 .
Under these conditions we found that IL-1ra alone did not produce a change in
INa, but in its presence the IL-1 induced potentiation was essentially eliminated ( Figure 5A and Table 1 ). In addition, IL-1ra by itself or together with IL-1 did not produce statistically significant changes in the conductance or inactivationvoltage relationships (Figures 5B, 5C and Table 1 ).
The effect of IL-1 on TTX-R currents in TG neurons
We 
PKC activators and inhibitors on IL-1 stimulated sodium currents
The effect on INa on a 24-hour incubation of the PKC activator 0.5 µM PDBu is seen in Figure 6 . This PDBu concentration was chosen because in nociceptive neurons it was found that short applications to affect voltage-dependent sodium and potassium channels (24; 38). However, whereas short time applications activate PKC, with longer-term applications it appears to be down regulated (35; 43) . Once again the TG neurons were divided into three groups: a control in which nothing was added, a group containing only PDBu, and a group containing PDBu and IL-1 . Relative to the control, INa was reduced about 56 % in the presence of PDBu. However, relative to the response of PDBu, we found that the co-application of 0.5 µM PDBu and IL-1 caused an increase in the current density ( Figure 6A and Table 2 ). Taken together, inhibition of PKC pathways inhibited INa, yet even under this condition IL-1 retained its stimulatory properties on the total sodium current. We also found that a 24-hour incubation of PDBu with TG nociceptive neurons did not result in statistically significant changes in either the conductance or inactivation-voltage curves (Table 2 ).
Given the above result with PDBu, we explored the effect of a more specific inhibitor of PKC, Calphostin C (IC 50 = 50 nM) on the sensitization produced by IL-1 (see Figure 6B ). Once again, as in the PDBu experiments, the neurons were (Table 2) .
Since these two different inhibitors of PKC gave different results regarding IL1-'s ability to sensitize INa ( it was not prevented by PDBu but was by Calphostin C) in an attempt to clarify this issue, we tested the effect of D-erythrosphingosine, a third well-known physiological inhibitor of PKC. Following the report of its activation effect on TRPM3 channels (27) we incubated the neurons with 20 µM D-erythro-sphingosine. We found that in two separate experiments incubating the neurons for 24 hours in the presence of 20µM D-erythrosphingosine was lethal to most of the TG neurons. We rejected the idea of 15 reducing the concentration to non-lethal doses since we would not know whether it would work as a PKC inhibitor at these concentrations. Rather we tested another PKC antagonist (2-(1-3dimethylaminopropyl)-1H-indol-3-yl-3 -(1H -indol-3-yl)maleimide (BIM) at 1µM (27) . We found that relative to the control, by itself BIM produced a statistically significant decrease in INa and together with IL-1 not only prevented the IL-1 sensitizing effect, but markedly reduced INa ( Figure 6C ) without affecting the voltage dependent parameters ( Table 2) .
Effect of IL-1 on INa with the G-protein inhibitor GDP--s
We also investigated whether G-protein signaling pathways may contribute to the facilitatory effect of IL-1 by employing GDP--s (1 mM), a non-specific G-protein antagonist. This concentration was chosen based on findings from studies involving its effect on VGSCs (41; 56). The experimental design was the same as for the PKC experiments. We found that by itself GDP--s produced a 40%
increase of the magnitude of INa ( Figure 6D ). However, in the presence of GDP--s the facilitatory effect of IL-1 was eliminated ( Figure 6D and Table 3 ). In addition, neither GDP--s by itself or in the presence of IL-1 had any significant change on the conductance-voltage or deactivation-voltage relations (Table 3) . has been found to sensitize TTX-R sodium channels (25) . In this report we provide evidence suggestive of a mechanism of IL-1 signaling in hyperalgesia.
It was found that when acutely applied, which may have limited physiological relevancy, IL-1 decreases INa and therefore by itself is unlikely to account for IL-1 's sensitizing effects. However, when it is applied for longer time periods, as may occur in chronic inflammation, it produces a significant increase of INa in nociceptive trigeminal neurons, which could be regarded as an underlying electrophysiological substrate of hyperalgesia.
Localization of IL1-RI in trigeminal nerve cells and their processes
Using RT-PCR we found that of the two IL-1 receptors, only IL-1RI is expressed in trigeminal ganglia ( Figure 1A ). With respect to localization of the IL-1RI
protein, the immune-fluorescence data presented in Figure 1 show that the IL- 
Acute (5 minute) application
In capsaicin-sensitive TG neurons we did not find that by itself IL-1 would activate a current. However, in such types of neurons a 5-minute application of IL-1 caused a concentration dependent reduction in the magnitude of INa currents and at 20ng/ml induced small hyperpolarizing shifts in the conductance and inactivation-voltage curves ( Figure 2 and Table 1 ). Although the underlying reasons for the decrease are not known (but see below), one explanation is simply that the number of sodium channels decreased, as has been shown in type II alveolar cells to occur for an IL-1 induced reduction in epithelial sodium channels (ENaCs) (53). Whatever the mechanism, the inhibition of INa was prevented by blocking the IL-1RI receptor with IL-1ra ( Figure 3 and Table 1 ).
It was important to demonstrate that the response is receptor mediated since in retinal ganglion neurons, IL-1 inhibited voltage-gated sodium and potassium channels in a receptor-independent manner (19) . In contrast, in rat subfornical organ (SFO) neurons IL-1 increased neuronal excitability, activated a nonselective cation current, and inhibited delayed rectifier potassium currents in a receptor-dependent manner (18) . In cortical neurons IL-1 (5 ng/ml) inhibited voltage-gated calcium channels (about 45%), although it was not determined whether the response was receptor mediated (42) . From these reports it is evident that IL-1 can affect several types of voltage-gated ion channels, including voltage-dependent TRPV1 receptors (51). In this respect, it is important that incubating IL-1 with DRG neurons for 24 hours did not affect capsaicin-induced (TRPV1) currents (47), whereas TRPV1 currents were sensitized with an acute IL-1 application (49). This underscores the fact that the application of an agonist for a specific receptor may produce vastly different responses depending on whether it is applied acutely or chronically.
Although the exogenous administration of low concentrations of IL-1 usually produces hyperalgesia, at higher concentrations it has been shown to produce 18 an analgesic response (6) . For example, in carrageenan-induced paw edema after injecting IL-1 (in a rat's paw) the nociceptive threshold was increased (30) .
Under this condition, the inhibition of INa in nociceptors may contribute to this analgesic behavior.
Chronic (24 hour) effects of IL-1 on INa and TTX-R channels
In contrast to the short-term incubation with IL-1 , a longer incubation of IL-1 with nociceptor neurons would represent more faithfully conditions found in chronic inflammation. In this regard, we found that a 24-hour incubation of IL-1 produced a striking increase in INa and that this increase could be prevented by co-incubation with the IL-1R1 antagonist IL-1ra ( Figures 3 and 4) . This indicates that, like the acute response, the chronic response to IL-1 was receptor mediated. We also found that neither the conductance-voltage nor the inactivation-voltage curves were, on average, significantly altered ( Figure 5 and Table 1 ), suggesting that IL-1 either increased the number of channels or their conductance. We have not distinguished between these possibilities although either mechanism could be operative in IL-1 induced sensitization.
It is well established that capsaicin-sensitive neurons contain both TTX-S and TTX-R sodium channels (58) . Since many studies have shown that during inflammation TTX-R channels become sensitized (2; 24; 33), we expected to see IL-1 affects these channels. However, to our surprise, IL-1 did not affect TTX-R channels indicating that IL-'s sensitizing effects on INa are mediated through TTX-S channels. In this regard, there have been studies showing that TTX-S VGSCs such as Na v 1.3 or 1.7 are involved in pain and or inflammation (28; 46).
Indeed, the nociception-specific Na v 1.7 knockout exhibits deficits in inflammatory pain behavior (46).
Downstream modulators that may modulate INa under chronic conditions
Here we have investigated the effects of four different PKC-inhibitors: PDBu, Calphostin C ,D-erythro-sphingosine, and BIM in capsaicin-sensitive nociceptive neurons. One of them D-erythro-sphingosine simply killed the cells when they were exposed to it for 24 hours. Acute exposure of the PKC activator, PDBu, in nociceptors was shown to increase the sensitivity of voltage-gated sodium channels (e.g., (24) In our experiments with GDP--s we found that after a 24-hour incubation, INa increased 40% without producing shifts in the conductance-and deactivationvoltage curves ( Figure 6 and Table 2 ). One explanation of these data is simply that the number of VGSCs increased. However, relative to the currents evoked with only GDP--s, when IL-1 was co-incubated with GDP--s an increase in
INa was not observed. This suggests that a yet-to-be-determined G-protein mediated pathway inhibits the IL-1 induced sensitization ( Figure 6D and Table   3 ).
In summary, IL-1 's effect on voltage dependent sodium channels in capsaicinsensitive nociceptive neurons is critically dependent on the incubation time. 
hour incubation
Control (n =18) 91.3±15.0 -7.6 + 1. pulses from -100 mV to +40 mV in 10mV steps followed by a 0mV test pulse (40ms) with 4sec interval time. Initially the total sodium current (INa) was measured. Then the neuron was exposed to 20ng/ml IL-1 for 5min the peak of the maximum current was reduced from -9.8nA to -7.2nA. After 3min wash the peak current slightly recovered. At completion of this part of the experiment 10 µM capsaicin was applied and an inward current was activated. Also shown is 
